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L. PURPOSE

Our primary objective was to broaden the linewidth of ruby without
disturbing its optical quality significantly, by placing Cr3*t in dilute solid
solutions of Al,0; and Ga;O; and/ or Al,0, and Y,0,. Since the fluorescent
transition in ruby is so strongly dependent on crystal field, it was felt that
a very modest impurity concentration should be sufficient to broaden the
linewidth. We planned to grow a two inch long, very naivrow linewidth,
low strain ruby by growth from a molten salt. Then, we planned to gre
by the same method crystals of Al;0;-Ga,0; and A1,0,-Y,0; activated w-th
Cr3+, in order to give us broad linewidth Cr3* fluorescence with lictle or

no change 1n the optical quality of the host crystal.
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II. ABSTRACT

Progress has been achieved in perfecting tne techniques for the growth
of ruby from flux and broadering the fluorescent linewidth by Ga additions.
It has been demonstrated that large flux free ruby crystals suitable for
fabrication 1nto laser rods can be produced by spontaneous nucleation from
slowly cooled molten salts.

By lowering the pedestal supporting an 8 inch x 8 inch crucible until a
200°C gradient is obtained, and slowly cooling a PbF, melt at 1.5°C per
hour, large ruby plates up to 3/8 inches thick and 2 inches in maximum
dimeasions have been grown. Attempts to grow larger crystals by growth
on ruby seeds were not successful, but it was established that crystals can
be grown free from chromium content variation by using ruby nutrient and
growing crystals in a temperature gradient under steady state conditions.

Solubility of Al,0; in PbF, has been measured and the effect of Cr and
Ga on the solubility has been determined. Chemical analysis of the crystals
shows a concentration gradient exists for Cr but not ior Ga.

Line broadening was achieved in ruby crystals both by the deliberate
addition of Ga, and by the substitution of 02" by F  during crystal growth.
Broadening in excess of 10 cm-1 was obtained due to a combination of
these factors.

Two rods cut from these crystals lased at 2600 and 1200 joules respec-
tively in a 3 inch long laser head at 200°K.
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V. STATUS

A number of geals were established during the course of this contract.
Table I shows the present status of these goals.

The primary goal of the contract, the growth of ruby from flux and the
addition of Ga, has been achieved. A method is described for the growth
of Jarge single crystals of high optical quality. A cooling rate of 1. 5°C was
used but further work on the effect of cooling rate is suggested.

White 1) has reported that high purity starting materials has led to a
reduction in laser threshold. This effect was not determined by us but high
purity PbF, and Al,03 were used throughout the major portion of the contract.

The attempt to produce growth on a ruby seed, No. 77, was only partially
successful and is discussed more fully in the section on crystal growth. It
is felt that perhaps several additional runs would be needed to establish

optimum conditions for this type of growth.
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R11-454
VI. EXPERIMENTAL

A. Crystal Growth

A summary of all runs made during the contract is shown in Table II.
Two methods of grow." were atiempted, spontaneous nucleation and growth
on seeds.

l. Spontaneous Nucleation

We have succeeded in controlling ruby plate thickness by varying the
temperature gradient during growth. In addition, we have demons.rated that
thick plates can be grown as relatively flux free single crystals.

Crystals of ruby were initially precipitated (see Runs No. 2 and 7)
from mixed PbO-PbF, fluxes using a formula developed by Linares. (2)

Using a 100 ml crucible, 0.2 m Alp03 was added to 200 grams of flux
consisting of 120 grams PbF2 and 80 grams PbO.

From these 100 ml crucibles, and larger runs in 5 1/2 inch and then
8 inch cans, ruby crystallized as thin, heavily flux included, laminated
plates, see Figure l. A small portion of each run, however, contained what
Linares referred to as a ''rhombohedral phase', small crystals of high
optical quality, well defined faces and no included flux. These crystals were
usually found firmly attached to the wall or base of the Pt crucible, see
Figure 2, as compared to the plates which were usually found on the surface
of the melt.

In the Third Semiannual Report, a procedure was described for
growth of ruby crystals from molten salt solutions. It has been observed,
however, that only a small portion of this growth was in the form of thick
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Scak T~mperaw s
*C

n:r Pedestal Plug

1290 . —e.

1340 1280 cen

oo 1300 20

§eme an No. 25.)

Same ~s No. 28.;

Same ss Nr. 25.]

1330 100 e

Sams as No. 26-1

Same as No. 26-1

--- 1280 .-

1380 1305 4360

Same as No. 28-1

Sams as No. 18-1

. 1300 oo

aan 1300 1346

1380 1300 e

soa 1300 1363

.ee 1300 o0

s 1300 b

.o 100 1240

aes 1300 i

Soo 1300 -

Sos* Tum
Hours

1S

20

24

24

28

24

24

12

74

i4

24

24

4

24
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Py
TAaBLE TI
Soak Tamperaturs Pour Floe
«c Coolieg Temps raturs Crystal Yield Weight
Furnace Cricibla - %osk Tums Rate Loss
~_of Run Used Us 4 Set  Pedsgial  Ply MHours  C/hi. Plug e % Remarks
No. 1T, Lindbsrg 100 ml 1290 ©00 - 12 S i} 300 ©00 --- “.e .ee lccomplets solut on ie avery cesa.
rcant 2) Mo aea I .-
k2 3 %0 -
4 ns ..
5) 100 0o . -
reing 10" 250 ml 1340 1280 .- L s 60 .- ~e- .ae .- lecomplats solutioa.
ng cycls.
ep mak 10" 12" -- .- Crucibla fuled.
irowth
ity o) " 100 ml ... 1300 20 20 9 1000 “ee 2.7 1 15 Good guality flux Ires crystzl. Very beavy
n 100 Cr coacsatrstios.
Fy
. 251 Sams Same $ame as No. 25-1 .- .- 8.9 Iscomplets s-.lution.
25-) Same Sams Same as No. 25-) .o .- 33 Incompiste soluticn.
25-1 Sams Sama Sams ss No. 25-1 ... .. 39 Incomplet solution,
ity of 100 250 m] 1330 1300 .e- 24 L 2s coo ... .-- .- Stirrieg during growth caused sm~li, badly
-a doped fnemed crystals.
L00% PoF,
26-1 Same Same Sama ss No. 26-1
26-1 10" 100 mi Same as No. 26-1
1130y lrom 10" S Iye .- 132 ... .e- .- 108t .- .- .-- 13 Incanpists solution.
.a doped o 2% . 1380 1308 1360 24 L 940 .-- ~e- .-- 25 Flux solidilisd before pour because of pedestal
»F, stiching in fureace. Stirring agaie caused poor
crystal quality.
28-1 Sams Sama Sama as No. 28-1 21
8-l Same Sams Samw as Nn, 281 30
wth 10" [ 1400 1300 1360 28 s .. .-- ..- -.- .-- lacrmplete solution.
rath 10" [ eee 1300 24 s .- .-- Incamplete solution.
reth 1" [ & o0 1300 1340 2] 1.5 1069 110 8828 26.2 .- Gnod crystal growth, ao premelting used.
by 1" 250 ml 1380 1300 1360 12 L] 1000 - 8.5 3.3 20 Good cryetal growth and small additional
Hydro. phaes.
Lat.
ghar con- 1" 259 m) ooo 1100 1365 24 s --- .e- coo -.- o0o Cover came off crucible and PF; avaporated.
2EAROy 00 Hydro.
«th Lab
-+ of corrn- 3" 100 m1 see 1300 oc0 24 s 10s 5 .- .e- .-- ... Crucibls spilisd.
wing PO
+ raported 3 100 m1 oo 1100 o000 o4 s 1065 .-- .ee eee 30 Cryetal growth. No visibla corrosion ia
me 108 ml crucisls
rgest melt 10" 8" .. 1300 1340 24 1.5 .- .- “ee EERS S Crucible failed end possibls spillaga from
crystal averlillieg.
1 corrosion
o ALO, con- 10 100 ral .-- 1300 coo 24 ) --- --- --- .- oo Incomplets solution.

sa crystal

v 10" 'Q “ee 1300 -.- 24 1.% .- .- .- --- .- Can overfiowed.




Same Weiphte 82 o,

Same Wzighte as No.

sms 30.86
molee J.30
m % a2t

Sams Weighte ar. No.

Same Weghts ar No.

sme 3293.7%

molas 32.30
m % 27.24
s 40.8

molse 2. 40
m % 33.33
sme 40.8

moles 0.40
m % 33.3%

Same Waights ae Mo,

Same Weights as Nou.

gme 3293.08

moales 32.30
m % 27.24
ame 8.6

molss 0.80
m % 33.33

»

3

eoe
XY

42-1
@-2

3.24
0.021
0. 017

0.0
0.0
0.0
0.0
0.0
0.0
45-1
45-1
3. 24
0.v2l
0.0173
0.1¢

0.0011
0.046

Same Weight as No. 47

sms 8.0
moles 0.86
m % 34.96
sme 3293.11
moles 32.30
m % 27.24
sme %€.0
moles 0.8
m % 35.48
gms 90.0
molee 0.88
m 35. 5L
ams 190.¢
moles 0.97
m % 3. 74
sma 40.8
molas 0. 40
m % 13.33
Not Ruo

sme 3293.11
moles 32.30
m % 27.24
sms 8l 6
molee 0.80
m % 33.33
gms 80.0
moles 0.78
m % 37 86
Not Rua

0.08
0. 00035
0.020

3. 24
0.021
o.017?

PP PP
eco eooco

ocoo
-1 - -3

0.0203
0.03

3.24
0.021
0.0177

epo
o000

seo
- - -3

- -1

- -] (-3

00

o0 wv @>on 20 - - -] - - -) (- - -3

L-N-N-]

- -] (-]

o0

- -]

- - -] oOwvwo

o000

o000

oo

000 - - -] © 00 000 - -]

- -]

- -3 (- - -3

- - -1

i9%6.
.80
72.

21,146
86.
72.

195,

196.

66.

21,144,
6.
72.

392.

392.
5.

&1, 146,
.

72.

392,
.62
65.
3%z,
65.
392
62.
196.

.80
66.

21,146
86

72.
392

66.

2

73

48
24
T4

L
24
T4

4

. 66

4
04
(3]
24
T4
4

25

2

(13

(1]
24
T4

(7]

226.8
.16
100. vy

24 242,80
118. %
100. 00

237.0
1,20
99.99

1.0
1.20
99.99

24, 442.00
118. 56
100. 90

474. 16
P3K
100.)

440. 56
2. 46
190.0

24,443, 04
1:8. 56
100.90

482.4
2.48
100. 73

Same a» No. 39
Same as No. 38
Soluhility of Al 0,
in PofF,

Same ar NMn, 42-1

Sarns ae 'io. 42-2

1/% reduction in wi.

of No. 39, Cr conc.
reduced by one-half

Soluvhility of A0,
in PofF,

Soluhility of AL0,
in FoF,

Sams as No. 45-1

Same as Mo, 45-2

ElMsrt of 4 & gms

21,0, seed on crystal

growth

Sulud:lity of Alyl,
iz PoF,

Sam.

Seaied cryetal growtk
wt. of Al;0y inciudes

seed of 6. 40 1mas.

Effect of tu.nperature

gradient on cryastal
growth

Solubility of Al,0,
n PofF,

Soluhility of A0,
in PoF,

Solubility of A0,
wn PWF,

Ctfect of C+ on sol.
oL A0y 1n POF,

Crystal Growth

Solubslity of Aly0,
wn POF,

Solubility of ALD,
1 Pof,

Lindberg

"

Lindbarg

Lindberyg

»

Same

I

3

Lindbe-g

3

TAGLE O (CONTINUED)

100 mi

100 ml

100 mi

250 ml

20 ml

't

250 ml

250 ml

190 ml

"

250 ml

250 mi

Sams as MNa. 39
1400 1300

‘100

oo 1100
1200

... 1133
1200

ooo 1300

... 1280

1280
1400

1400 1300

.o 1350

200 1400

.-- 1400

.- 1300

1400

.- 1400

1400

.. 1200
1300
140C

+350 1300

1500 1400

1500 1400

4

43

24

24

36
24

16

24

12

16

25

25

25

5




st

al

. wth
-8

Lindberg

10"

Liadbarg

Lindberg

3

Seme

3

Lisdbe-g

10"

3

3

TABLE 1 (CONTINUEDN)

Seme as No. 39

1406 1300

100 m1 1100

1100

1200

1100

1200

[N .- 1300
100 m1

100 ml 1280

1200

1400

” 1400 1300

250 ml 1350

Same coo 1400

250 ml 1400

» .e- 1300

250 ml --- 1400

250 ml 1400

250 m1 1400

100 mi 1200

1300

1400

" 1350 1300

250 ml 150¢ 1400

250 m} 1500 1400

1330

24

4¢

24

24

24

36
24

12

24

2s

28

25

25

1220

1000

1400

1050

1400

1400

200

30.5

45. 05

25

3

56

CERS Crucible stuck in furnece.

4.3 Partiel s2lution. Poured flux.

617 Partial solution.

©o0 Pertial solution.

ave Two elemrents wiled and lurnace cooled rrpidiy.

Very cmall crysials.

.- A0y mulfle collapssd. Crucibles epilled.

9 ALO; dissolved v -tly.

.- Lid fell off during soak. Not used.

6.5 ALO, prrtieily dissolved.

900 Seed epparently dissolved. Flux included plates.

Hsating ¢lament feilure.

.o lacomplete solution.
.ee Camplete eolution. Good crystals.
3s Good sealin, o can. Growth on seed small but

many smell piates etteched to it.

EERS Crucible failed.

.ee Incomplete se'ution.

.e- Soak tempereure not long enough.
.ee Cover came off cru:ible.

[T N

.- Rotetion during cooling.




Run No.

60

62

63

64

65

66-1

67-1

67-2

69
1-6

70

71

73
1-10

74

%
76
”

.-1

.2

Compasition of Run

Units R Cra0y Gay0y
gms 2038.8 2.04 0
moles 20.00 0.013 0
m% 33.33 0.022 0
gms 40.8 0.0 0
molss 0. 40 09 (]
m% 33.3)3 6.0 /]
gms 80.00 0.80 0
moles 0.78 0. 005 9
m% 37.86 0. 24 0
ams 4077. 60 4.08 0
moles 40. 00 0,027 (]
m% 33.32  0.022 0
gms 4077. 60 0. 408 0
moles 40. 00 0.0027 0
m% 33.3 0.002 0
gms 81. 6 0.0 0
moles 0.80 c.0 0
m% 33.3 0.0 /]
gms 8l.6 0.0 [
moles 0, 80 0.0 0
m% 33.33 0.0 0
gms 8l.6 0.08 0
molss 0.80 0. 0005 0
m% 33.3) 0.02 0
gms 81.6 0.0 0
moles 0.80 0.0 0
m% 33.33 0.0 0
gms 81.6 0. 08 0
moles 0.80 0. 0005 0
m% 33.33 0.02 0
gms 73.4 0.07 0
molss 072 0. 0004 0
m% 33.33 0.02 /]
gme 30.6 c.0 0
molss 0.30 0.0 [}
m% 27.3 0.0 0
gme 1359. 20 0. 136 )
moles 13.33 0. 0009 0
m% 33.32 0.002 0
gme Sams Wt. as Run No. 64
molss
m%
gms 30.6 0.0 o
moles 0.30 0.0 (]
m% 21.3 0.0 0
gms 73.4 0.07 0
moles 0.72 0.0004 0
m% 33.33 02 0
e Same Wt. as Run No. 64
moles
m %

Same Wt. as Run No. 64

Sams Wt. as Run No. 64

Sams Wt. as Run No. 64
gme 146.8 0.14 0
molee 1. 44 0.0009 0
m% 33.3)3 0.02 0
gms 146.8 0.0 0
moless 1.44 0.0 0
m% 33.3 0.0 0

PbE,

©809. 4
40.00
66. 66

196.2
0.80
66. 66

313.90
1.28
62.13

19618.80
80.00
66. 67

19,618. 80
80.00
66. 66

392.4
1.60
£6.66

392. 4
1.60
66. 66

392.4
1.60
66. 66

392.4
1.60
66. 66

392.4
1. 60
66. 66

353.2
1.44
66. 66

196.2
0.80
12.7

6539. 60
26,67
66. 67

195.2
0.80
12.7

353.2
1.44

Soak Temperature (°C}

Furnace Crucibls
Totals Purposs of Run Used Ussd Pedssta!  Plug Set
11,847.2 Crystal growth 10" L 1395 - 1450
60. V1
100.02
237. 00 Solubility data (1) Lindberg 100 ml cee- .- 1300
1.20 {2} Li dberg 100 ml ceee coae 1205
99.99 {3} Lindbsrg 100 ml “eue cee- 1000
{4) Lindbsrg 100 ml ... cooo 1105
{5) Lindberg 100 ml .--- ---- 1395
394.70 Solubility data No. 5 H. T.L. 250 ml -e- ce-- 1400
2.06
100, 23
23,700. 48 Effsct of ruby seeds 10" [ 1400 —--- 1450
120.03 {total wt. « 42 gms)
100. 01 on nucleation
23,698.81 Effect of ruby sseds 10" [ & 1400 .- -e--
120.00 {71.3) on crystal
99.99 growth
474.0 Tsot sffsctivensss 5" 250 m1 1400 ---- 1500
2.40 of analytical pro-
99.99 cedures
474.0 Solublility data 5" 250 ml 1320 —ue- oocoo
2.40
99.99
474.08 Solubility aata L 250 ml 1320 ee- cooo
2. 40
100.01
474.0 Solubility data 5 250 ml 1000 ce-e ----
2.40
99.99
474.08 Solubility data 5" 250 ml 1000 .e-- ----
2.40
100.01
426. 67 Solubility data 5" 250 ml #104 1400 .- een-
2.16 5" 250 ml #102 1400
100.01 5" 250 ml #1155 1400 ce-- CRTRS
5" 250 m1 #1117 1400 cem- ceee
5" 250 ml #105 1400 ---- —en-
5" s5'ml #1168 1400 acoe
226.8 Solubslity data Lindberg 100 ml emee cee- 900
1.10
100.0
7.898.94 Elfect of ruby seeds 10" [ 3 1400 1300 1460
40.00 {13.9 gme) on crystal
100.01 growtb
Effect of ruby sseds 10" 8" 1400 1430 1460
(71.3 gms)} o0a
crystal growth
226.8 Solubility data Lindberg 100 m1 c-- LR .
1.10
100.0
426.67 Solubility data 5" 250 ml #121 1400 e--- ace-
2.16 250 mi #122 cee- .iae
100.01 250 m1 £123 cee- .-
250 m1 #124 - cooo
250 m1 123 ceee 000
250 m1 #1264 ceen co0G
250 m1 #2127 cene ccoG
250 ml #128 ceme cooo
250 m1 9129 ce-- ceee
250 m1 #130 eee- coc00
Effect of ruby seed 10" L 1400 1430 1460
(19.¢ gms) 0a
cryetal growth
Same as Run Nq. 64 10" [ & 1400 1430 1460
Same ae¢ Run No. 64 10" [ & enee cene evee
Same as Run No. 64 10" [ & 1400 1430 1460
853. 34 Elfect of premelting 5" 250 m1 1400 ae-- ceee
4.32 on 250 ml crucible
100. 01
853.2 Effect of premelting 5" 250 ml 1400 cee- cee-
1.32 on 350 ml crucible
. 99




TABLE IT

Pour
Soak Temperature {(*C) Cooling Temperatuare {°C) Cryetal Yield
Furnace Crucible Gradient during  Soak Time Rate
Purpose of Run Used Used Pedestal  Plug Set cooling (*C) {hou:s) {°C/hr) Pedestal Plug Grams Percent
Crystal growth 1o 8" 13958 aa-e 1450 -20 12 0.5 1290°C .- aea- cees
Solubility data (1) Lindberg 100 ml ccoo ccoo 1300 - - 96 R ceaa caoco PR ceen
(2) Lindberg 100 ml a-- cenn 1205 o 72 0 cooc cook cooc coBo
(3) Lindberg 100 ml aee- 1000 oo 24 0 ceas cea- oo0 0 Y
(4) Lindberg 100 mi cooo aae- 110% aa 48 4] .- —-- ae-- LR
{5) Lindberg 100 ml cooo cooo 1395 - - 120 ] PO oo o - . cae-
Solubility data No. SH.T.L. 250 ml co oo cane 1400 -- 16 0 1400°C cood e R,
Effect of ruby seeds 10" 8" 1400 ---- 1450 -- 12 s 1100°C ---- .- et
total wt. : 42 gins)
on nucleation
tffec” of ruby seeds 10" L 1400 ---- EERE -- -- - . ---- ce-- .-
71.3) on crystal
rowth
. est effectiveness 5" 250 ml 1400 oo 1500 -- 16 0 1400°C Coas . ==
{ analytical pro-
edures
olubility data L 2% ml 1320 === o000 -- 16 0 1320°C ev-- .e--- .-
olubility aata [ 250 mt 1320 “een CERES .. 16 1] 1320°C “aa- .ee- .-
olubility data 8 250 mi 1000 v LEE -- 15 0 1000°C LR “-ee RS
olubility data 5" 250 ml 1000 PR EERES .- 16 0 1002°C CERRS PR EERR
-olubility data 5" 250 ml $104 1400 —eee .- -- 12 0 1090°C ... 32.6 44.4
5" 250 ml #102 1400 ceee “e-- -- 12 4] 1190°C [ 5550 cooo
5" 250 m1 #115 1400 R cooo .- 12 0 925°C 945 45.8 62.4
5" 250 ml #1117 1400 .--- LR -- 12 0 1350°C .--- 10.0 13.6
5" 250 ml #105 1400 came .- -- 12 0 1240°C 1290 17 9 24.4
s 250 ml #118 1400 cem- cogq -- 12 [} 1000°C 1040 .- e--
olubility data Lindberg 100 m1 .--- ceen 900 -- 16 12 800°C  ---- ce-e ...
“{fect of ruby seeds 10" 8" 1400 1300 1450 -100 12 1.0 1000°C -.e- 800 58,9
.13.9 gms) on cryvstal
-rowth
ffect of ruby seeds 10" 8" 1400 1430 1460 3o0-210 12 1.3 940°C 1150 2273 55.7
171.3 gms) on
rystal growtb
-olubility data liindberg 100 m1 ---- ... ---- -- -- -- ---- .- —.-- -
olubility data 5" 250 mi #1121 1400 c-e- .- .- 18 2.8 1350°C ceee 0.32 0.44
250 ml #122 see- .- -- 12 <5 1240°C e-e- 24.0 2.7
250 m1 #123 .e-- ce-- .- - -- ERE RS .--- .--- “eae
250 ml #124 oo 12 oc 1311°C ---- 15.3 20.3
25¢ ml #1125 .- 12 -- 1190°Cc  ---- 25.9 35.)
250 ml 126 a-- - 6 -- 1150°C  -... cee- cee
250 ml - 127 caen “eee -- 6 -- 1000°C .- 48,3 65.8
250 mi #128 ee- .o .- 12 -- 1150°C cocog 28.17 39.1
250 ml #129 -- 6 -- 1100°C  ---- 33.0 45.0
250 m1 #130 .- -- ce eeaae .aee
“ffect of ruby eeed 10" 8" 1400 1430 1460 370 81/2 1.5 970°C 1340 1590.9 19.0
t79.4 .gms) on
rystal growth
rame as Run Nq. 64 10" s" 1400 1430 1460 -- 171/2 -- aeee eeee ceee ceee
-ame as Run No. 64 10" 8" R .- ccoq .. .- .- —eee PRT “e- -
-ame as Run No. 64 10" 8" 1400 1430 1460 200 T1/2 1.% 1000°C .--- 1263 30
t.ffect of premelting 5" 250 ml 1470 -- 12 -- 1000°C  ----
on 250 ml Ciucible
Effect of premelting 5" 250 m1 1400 e~ .- -- 12 -- 1000°C PR cens PR
on 250 ml crucible
——p

o g  FR—

_{ L m—




Pour

Couling Temperature {°C)
Soak Time Rate
(hours) !‘Cz hr) Padestal Phg
12 0.5 1200°C .-
9% (/] cene caoa
N [ ceen caco
24 0 ae cooo
48 (/] cooo e
120 1] ceen cooa
16 0 1400°C .-
12 5 1100°C cane
16 0 1400°C c@oo
16 0 1320°C [
16 0 1320°C caco
16 0 1600°C cene
16 0 1000°C coo
12 0 1090°C [
12 9 1190°C coma
12 0 925°C 945
12 0 1350°C caco
12 0 1240°C 1290
12 (1] 1000°C 1040
1% 12 800°C coco
12 1.0 1000°C cees
12 1.5 340°C 1150
18 2.5 1350°C cooo
12 2.5 1240°C [
12 - 13ic e
12 .- 1199°C o000
[} -- 115¢°C ceee
6 .- 1000°C e
12 .- 1150°C cooo
6 . J100°C ceee
81/2 1.5 970°C 1340
7i/2 - ocoa cace
71/2 1.5 1000°C ceee
12 .- 1000°C caee
12 .- 1000°C cooo

Cryeral Yield Flux Weight Loss
Gram~ Peltent Grams Percent
R aeee 4. 5% 2.3
ccoa .-- 5. 45 2.7
cooo cuoe 6.50 3.5
cee- PR 29.00 12 8
cooo e 47.20 24.1
cee- - 40. 00 12.7
e-- ceen 13.7 3.5
aco cee - 93.0 2.7
—--- ceae 8.3 2.1
neea EEER 6.7 2. &
o000 ceee 12. 4 3.2
3.6 4.4 4.2 1.2
45.8 62.4 27.1 1.7
10.0 13. 6 ——.- cooo
1..9 24.4 51.7 14.6
%00 58.9 2358 36
2273 55.7 1145 5
0.32 0.44 23. 1 5.4
24.0 3.7 56.7 13.3
15,3 20.8 21.0 6.3
25.9 35.3 51.2 12.9
4.3 65.8 191.8 44.9
28.17 39.1 22. 6 5.3
33.0 45.0 45.4 10.6
1590.9 39.0 cees cree
1223 30 - coo o

Remerks

Good crystals, thin plates with very few flux inclusions,
heavy Cr dopant concentration, cover ceme off 8" can

during run.

Slight spillage.

Pt can developed leaks.

Alumina plug broke e~d {ell on crucible.

ilightiy underdiscoived.
Slight snillage.

Incomplete solution.

Incomplete solution, remsinder of run failed.

Thin ruby plates, eeed dissolved.

Thick ruby plates, 1¢ed dleeolived.

Rua fuiled when Pt. cruciblee reacted with
SiC muffle.

Pt. cover opened slightly.

Plug hroke and fe!l 00 crucibie.
lncomplete solutiom,

Cover opeaed.

Seed came 1oose ard fnated tqQ top of mest, ne
growth 0o eced.

Pi. cen falled.

Programmer aot eet, run poured after 20 br, eosk.

Growth on seed achisvnd 23 serlee of plates. Pt can failed.

Fuernace failurs.

Furnace failure.
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Run No.

79.

80,

8l.

82.

83,
1-9

84.
1-12

85.

86.

817.

Mol. Wts, 101, 96
Unite AlZO3
gms 3,475.0
moles 3C0.17
m% 27,00
gms 4,077, 60
moles 40, 00
m% 32. 91
gns 5,709,039
moles 56,00
m% 50.00
gms 4,545,40
moles 44,59
m% 35,87

See Tablell'for du:iails

See Tablelll for details

gms 4,545.40
moles 44.59
m% 35, 87
gms 4,545, 40
moles 44,59
m% 35.87
gms 73.4

moles 0,72

Composition

——| r—— ", K

152.02 187.44 245,21
Cr?_O3 61203 PbF, Totals

0, 30 0.00 20, 000, 0 23075,30
0,002 0.00 81.56 111,73
0, 002 0. 00 73.00 160,0¢C
0, 40 0.090 19,618,890  23696,40
0, 0026 0. 00 81,54 121.54
0,002 0.00 47.10 100, 00
0, 36 0.00 13,731,80 19, 44C. 39
0, 0037 2,00 56,00 112,00
0.003 0,00 50,00 100, 00
0.00 0. 00 19,545.40  24090.80
0.00 0.00 79.71 124,30
0.00 9.00 64,13 100,00
0.00 0.00 19,545, 40 24090, 80
0,00 0. 00 79.171 124,30
0.¢CC 0.00 64.13 100. 00
0.00 0.00 19,545.40 24090,.80
0.00 0. 00 79.71 124,30
0,00 0. 00 64,13 100,00
0,007 0. 00 346, 0 433, 4
0, 00004 0. 00 1,41} 2.13
9,002 0. 00 66,24 100, 042
= = o

Purpose

—————

Effoct of sced (13,3 g
an growth

Gruwth on ruby seed ( 7
gms) .

Growth on ruby reed (M
gms)

Grovth on a ruby ueed :
using ruby nutcient 3

Growth on ruby seed
(221.2 gms) using rublfi
nutrient '

Growth on ruby seed ( _
gmshising ruby nutriefi

Effect of 14 gms B,0 =4
on PbF, flux and vn 3
AI?_O3 agrowth



:
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TABLE 1!
Pour
Soak Temp(°C) Gradient Soak Cooling Temyp °C
during Time Rate
: <ooling
Purp. se Furnace Crucible Ped, Ping Set (<C) (hrs) {(*C/hr) Ped Plug
seed (‘l"}. 3 gn.s) o 8" 1160 1260 1300 120°*C 60 0 1160 1260
£
g\ 1uby seed (29 1" 8" 1220 1360 1300 80 60 0 1220 1300
ruby seed (248. ¢ Y 8" -- -- .- - e oo o oo
a ruby seed 10" g .- -- 1300 -- - -e - ..
Lutrient
Of A1203 in R)Fz v 259 ml 1400 - - - oo o0 oo oo
of Al‘,_O3 in PbF, 3 250 ml 1400 -- .- — e .- - -
g ruby seed lo" 8 1230 1140 j25¢ 90 72 10 1030 940
B t) using ruby
f ruby seed (183 10" 8" 1265 120% 1300 65 672 0 1265 1205
ruby nutrient ’
4 gms B,‘O3 3 250 ml 1400 -- . - 2 4 1000 e
and on
h




-

Cryastal Flux
_Yield We. loxs
Gms Te Guins “ Remarks

¢ 0 -- -- Seed dissolved and no crystals grew. O used
and no visible corrosion in pt can after ;un.
Rotatior on during entire run,

0 0 -- -- Seed dizsolved, Small excess Al;0; powder
on base of crucibles, Very little corrosion
obssrved in pt crucible, OZ used.

.. o0 -- -- R a failed due to leaky can. Can had failed
previously and had had & new base added. The
joint failed and the can wes scraped.

.- -- -- -- W sh' nfor A1203 is actuaily ruby. This ruby
v:as from previous crystal growth runs. No sig-
aificart growth deposited on seed, but neither it
nor nutrient dissolved completely,

.- .- -- -- Table III coatains detzils of these experi a=nts,

-e - -- == fable [II contains details of these experiments.

0 0 -- -- Very little grovith Nolarge crystals.

.- -- -- -- Much growth but not single crystal. No
appareut Cr concentration gradient
Much platey growth on seed & undissolved crust.

38.5 -- -- -- Very large flux free ruby plates.

Pour
Temp IC

Ped Plug

1160 1260

1220 1300
103¢ 940
1255 1205
1000 --
i

> ?'" T o M T

e e 2w e T erey A 1 . -

T .
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Flux 'nciuded Fiate of Ruby

Figure 1
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R11-454

Experimental (Cont.)

plates. These thick plates were usually found at, or rnear, the hottom of

the crucible. As suggested ty Linares(z)

» replacing PbF, wita PbO
favored the crystallization of thick plates, but only at the expense of
sharply reduced Alp0; solubility. The problem, thercfore, was to define
growth condit! >ns wkich control plate thickness.

A number of runs were made in which the vertical gradient was varied
both in direction and magnitude. Runs No. 50, 60 63, 64, 7C, and 71 were
designed to determine the effect, if any, of temperature gradient on plate
thickness. Early runs were generally made with the supporting pedestal
about 30°C cooler than the plug, and the crucible was positioned so that
the top was as close 2s possible to the bottom of the upper furnace plug.

It was felt that the temperature difference as measured at the pedestal

and plug would at least bear some relation to the internal gradient in the
melt. In Runs No. 50, 60, 63, and 64, where there were small temperature
differences in either direction, or where t* pedestal was hotter than the
plug, very thin plates were grown. It was felt that a large gradient was
desirable, but this was difficult to obtain because of the high temperature
involved. If a temperature difference of 200°C was needed, for example,
with a pedestal temperature of 1400°C, a plug temperature of 1600°C would

be required. This temperature is, of course, beyond the design limitations

of the furnace. This problem was solved by imposing the gradient only after

the soak period was completed. This was accomplished by slowly lowering the

Page 13
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pedestal until the proper temperature difierence was achieved. A* this
point, the cooling cycle vas begun.

The growth procedure used was as follows: 33. 33 m percent A1203 in
PbF, were heated with stirring to 1400°C in a Pt crucible for a sufficient
time to insure complete solution usually in about 4 hours. Stirring was
accomplished during the soak pericd by rotating the pedestal first in one
direction and then in the other. This procedure aided in the rapid solution
of the Al,03. Oxygen was pumped into the furnace during the entire run.
The pedestal was then slowly lowered to a position sufficient to produce a
200°C temperature difference from top to bottom of the crucible, with the
top maintained at 1400°C. The bottom of tte crucible was cooled at no
more than 1. 5°C per hour to 1200°C at which point the entire furnace was
cooled at 1. 5°C per hour to 1000°C. The molten lead fluoride was decanted
at 1000°C and the crystals were washed in 50 percent HNO;.

It appecaread that when ruby was crystallized from PbF; a condition of high
supersaturation existed prior to nucleation. When nucleation did occur,
many small crystals formed, which grew rapidly as thin plates, trapping
flux between adjacent layers. Much of this growth was very loosely
attached tc the crucible, if at all, and was free to float to the surface of
the melt. If the surface of the melt was cooler than the bottom, these
poor quality crystals grew faste. thar those adhering to the base or walls
of the crucible below the surface of the melt. But if the top were maintained
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Experimental (Cont. )

considerably hotter than the bottom, this initial nucleation in the form of
very thin plates redissoled at the top of the melt, leaving only the higher
quality slower growing ruby which was firmly attached to the base and walls
of the Pt crucible. Further improvement in the size and quality of ruby
crystals was achieved by the addition of 3 percent B,O5 to PbFp. B203 seems
to have the same favorable effect on ruby that Van Uitert (3) has reported
for yttrium aluminum garnet. The B,O3 apparently reduces the ability
of the flux to supersaturate.

While improvement in crystal size and quality was observed using
spontaneous nucleation techniques described above, it was felt that still

better results and better control could be achieved through the use of ruby

seeds. Therefore, attempts to grow ruby on a seed were begun.

2. Growth on Seeds

Attempts to produce significant growth on a ruby seed were made
in Runs No. 63, 64, 70, 71, 74, 75, 76, and 77 by slowly cooling a melt
from 1400°C to 1000°C. Because of the large difference in weight between
the Al,03 powder added as nutrient 2nd the ruby crystals available as seeds,

it was necessary to define soak conditicns much more precisely than previously

to avoid dissolution of the seed. It was also necessary to keep the seed on

the bottom of the melt since ruby floats in molten PbF3; the seed was tied
to a platinum sheet with platinum wire. In all the early attempts, the seeds
dissolved.

Run No. 77 was the first partially successful attempt. Here a
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Experimental (Cont.)

platinum wire was passed through a hole drilled in a flarmme fusion ruby of

32 grams. Similar weights and conditions were employed as in No. 74. We

succeeded in obtaining about 20 grams of growth on the seed. A large part cf

this growth was in the form of epitaxially attached parallel plates, instead
of the solid single crystal growth we had hoped for.

Several additional attempts to obtain growth using a seed tied to the
bottom of the crucible and the bottom maintained cooler than the top were
not successful. In each case, the seed dissolved or growth was dendritic.

Finally in Runs No. 82 and 85, a positive gradient with the plug cooler
thau the pedes*~1 was used. A Pt baffle, which served to hold solid pieces
of ruby nutrient on the bottom of the can wes 1sed, with a large ruby seed
attached above the baffle. The melt was soaked at 1250°C for 3 days with
rotation, then cooled to 1000°C at 1°C per hour. Very little growth was
present on the seed, and what was present was not one single crystal.

One final run (No 86) was made using a positive gradient and ruby
nutrient held behind a protective baffle. This time no cool down was
made so that growth would be entirely due to circulation of solvent.

A 4 week soak with rotation at 1270°C was followed by a pour at 1270°C.
A crust had formed on the surface, which had served as nucleation centers
for many small crystals of high quality. The seed crystal was covered
with the usual array of small plates.

Page 16
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It would appear that successful growth oi ruby crystals on seeds will
require very accurate control of gradients within the crucible as well as
circulation of the melt and cooling rates. White(l) reports that while
small scale growth up to 5 mm on seed crystals has been achieved, larger
scale growth up to 25 mm has been of poor quality. He feels that seed
quality and growth rate are important parameters.

B. Solubility Studies

Runs No. 73, 83, and 84 were made to determine the solubility of
Al,03 in PbF2 and the effect of Cr on this solubility. Some experimentation
was necessary before a successful method was produced. The main difficulties
associated with solubility determination in flux systems are to encsure that
equilibrium conditions are reached and to eliminate evaporation as a factor.
The term ''solubility' should be put in quotes when referring to ruby since
we are precipitating a dilute solid solution of Cr03 in A1303 and there is
a distribution of Cr03 between the solid and liquid phases which is proportional
to the amount of chromium oxide dissolved in the liquid solution.

l. PbF2-Al;04 System

Giess(?) and White(!) measured the solubility of Al303 in
PbF3 by measuring the loss in weight of a sapphire rod immersed in PbF,
enclosed in a sealed platinum tube. The major problems were with vapor
leaks which were detected by weighing before and after heating, and insure
Page 17
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tha. equilibrium conditions actually existed. White reported that
equilibrium -wvas attained after about 16 hours at 1200°C, but the problem
of vapor leaks prevented temperatures in excess of 1250 degrees from being
measured using this technique.

Because of the difficulties experienced in completely sealing the
Pt tubes, a second technique similar to the one developed at Airtron was
used by White. This technique ccnsisted of heating pieces of corundum
in a crucible for appropriate times at each temperature, then quenching and
analyzing pieces of the resulting soiid for alumina content.

White reported 25.6 mole pcrcent A1203 solubility at 1200°C, and
Giess' value was 26.6. A curve of Giess' and Whit .'s values are shown in
Figure 3. It can be seen that both these curves are apparently straight
lines. However, neither White nor Giess were able to measure the solubility
of A1203 in PbF, at temperatures above 1300°C. Two runs were made by us,
one at 1350°C and cne at 1300°C to determine the solubility of Al,03 in this
region. These values are consistent with an extrapolation of Giess' curve.

2. PbF

2 - Dilute Ruby

Solubility of dilute ruby in Pbl"2 was measured in a number of runs
summarized in Table III. Best results were obtained when A1203 and Cr?‘O3
were dissolved in PbF, at 1400°C with rotation. The furnace was slowly
cooled to a specified temperature, and the melt, which was decanted into a
platinum curcible immersed in cold water, was analyzed for A1203. This
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A Giess' values for sapphire
O White's values for sapphire
® Airtron's valucs for sapphire

O Ruby solubility
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Temperature (°C)

Figure 2

Comparison of Ruby and Sapphire Solubility in PbF,

Page 19
Airtron, a division of Litton Industries

1350




“ompoeltica Temp.
Soak (°C)
Run mo) wte 101.96 152,02 187.44 245.21 Run  Time
[ Unhl_ Al??} ‘:l_',()_l Gn=0! !‘_h‘l;‘ “otale # {irs.} Foak Queach
73 gme 73.4 v, 07 0. 00 353.2  426.6773-1 18 1400 1350
1-9 moles 0.72  0.0054 0.00 144 2,16
m% 33,33 8.02  0.00 66,66 100,01
732 12 1400 1240
73-3
73-4 12 1400 311
715 12 1400 1190
73-6 & 1470 1150
737 A 1400 1000
73.8 12 1400 1150
739 & 1460 1100
83 Sames wte ae 73 above 83.1
1.5
832
8.3 1 1400 1000
23-4 1 1400 1350
83-5 1 1490 1150
83-6 1 1400 1136
837
83-8 | 1400 1100
835-9 1 1405 1000
4 gme 3.4 0.00 1.87 353.2 428.47084-t | 1400 1270
1412 mnles 0.72 ¢.00 0,01 e 2,175
% 33,18 0.00 0.46 £6.36  100.00)
gme 73.4 0.00 7.87  353.c 434,47084-2 1 1400 980
molee 0.72 0.00 0.94 1,44 2,205
m% 32,73 0.00 1,82 85,45 100. 00/
gms 73.4 0.07 1.87 383.2 4z8.5484-3 1 1400 1000
molee 2,72 0.0004 0,01 .44 2.17,C
m% 33.i8  0.02  0.46 66.66 100,32
ge 73.4 0.00  0.00  353.2 426.6 84-4 1 1400 1200
molss 0.72 .00 0.00 1. 44 2.16%D
m% 33,33 0.00 0.00 66.66  99.99
84-5 | 1400 1350
84-6 I 1490 1100
84-7 1 1400 115¢
,-....::.T 1 e S ool L e aad

207,01
“Fb

79. 21

73,72

13,96

74,61

78.95

75,87

75.52

82.41

73.60

71.80

80,26

78. 70

74.08

78.11

77.7%

73.95%

17.48

71,45

74.52

24%.21

PbF,
2

tcale}

33.0%

87.23

87.52

88. 9

88.24

vyl. 42

89.78

89.36

97.52

87.10

92,07

95.81

83.03

87.67

2.02

87.51

91.69

88.10

88.19

Fiux

245. 21 101.9¢

PYHF
<

oy daff)

85,

0.
09,
88.

0.
75.

85,

73,

o8

&

9.

82,

89,

76.

89,

78,

91.

Q

85.
. 348
70.

89.
78.
89,

. 366
78,

90.

9

71,

82.

84.

70.

80.

78,

35,

71.

87,

80.

90.

02
347
82

18

360
00

25

NEATA

]

.36

. 60

05

42

3

. 364

79

52

. 365

49

57

.373

98
42
88
57
365
16
82

54

40

. 369
.70

70

374

20

82

. 346

37

.328

28

43

.24
. 352
.03

69

. 350

72

91

. 359

13

78

.30
80,

[%}

Al,Cy

14.96

o
r

30, 18

t1.80
0.12
25,00

7.94
0.08
17,8

10. 67

23.21

10. 47
0.10
21,51

8.40
0.082
18,02

14.56
0.1+3
29.12

10. 43
0.102
21.84

10.18
0,100
21.46

9.60
0.094
20,30

8.28
0,081
17.80

14,69
0. 144
24.21

9.12
0.089
21,24

9.3}
0.092
19.91

12. 50
0.127
5,62

13, 87
0.136
27.87

8.7¢
0.086
13.20

». 82
0.087
18.95

TABLE W

Analysis
152,02 10744
Crzol (15203 Total
0.002 .00 100,00
9.00002 0.00 0. 497
0. 004 0.00 i0v. 00
0.003} 0.9¢ 100.00
0.90002 0.00 O 480
0.004 0.00 100,00
0. 00 00,00 100. 09
o, 06 v. 00 0,482
A 0,00 100,00
0.00 00. 390 100.00
0.0¢C 0.00 0. 470
0.C0 0.00 100.00
0.00 0.00 100.00
¢.00 0.¢0 0.455
0. 00 0.60  100.00
0.00 00,00 100.00
0.00 G. 00 0.474
0.0C 0.00 100.00
0.00 0C€.00 1060.00
0.00 0, 0C 0.465
0.00 0.00 100,00
0.016 0.00 100.00
0.00030 0.00 0. 455
0.002 9,00 100.00
0.004 C.00 100.00
0.00603 0,00 0.491
0.006 0.00 100.07
0.00 2.00 100,00
0.00 0.00 0.467
0.00 0,00 100,00
0.00 2.00 150,00
0.00 0. 00 0. 466
0.00 0.00 100,00
0. 00 0.00 100,00
0.00 nny 0.463
¢.00 0.00 100, 00
0.00 0,00 100,00
o.e2 ONOY ANALE)
0.00 0.00 100.00
0.00 0.43 100.0n
0.00 0,003 0.49%
0.20 0.61 100, 00
0.00 0.49 100,00
0.00 0, 002 0.419
0.00 0,48 1G0.00
¢ 00 0.24 100.00
[ €.001 0. 462
.00 ¢.22 100,00
0,00 1,26 100.00
», 00 0.907 0.482
0.00 0.15 100,00
0.00 0.44 100.00
c.00 0,002 G. 488
0.00 .41 100,00
0.005 0.52 10C.00
0.00003 0.003 0. 448
0.007 0.67 100.00
0.004 0.40 100,00
0.00003 0.002 0.459
0.327  C.44 100,00

b

18,47

3. 50

.71

10.99

3.2

Crys

AlLD

N

9y.816
0.979
29.89

39. 893
0.980
99.92

99.803
0.979
39. 86

99. 86¢%
98¢
99.30

o

99.890
G. 980
99.92

79.919
97.83

99 735
v, °80
99.83

99.942
0.980
39.95

99.770
0.979
99. 84

100,90
0,981
100, 00

100. 00
0,981
100. 00

99. 892
0. 900
99.82

99. 890
9. 980
99. 82

24,38
0.965
39.07

95, 006
0.932
97.18

98.41
0.965
99.07

95. 70
0.939
97.60

98.397
0. 945
8.9

99.10
0.572
99.50

99.943
0.972
99.48




5. 40
F 0, 082
18, 02

814, 8¢

Q. 143
29.12

10, 43
0.102
21. 84

10. 18
€.100

2

9. 60
0,094

k2030

Souw
oSk

14,09
0, 144
29. 2}

9.1°
0.009
1,24

9.33
0.092
i9.91

12. 5%
0.123
25. 52

13,87
0.136
27.87

8.7

} 0.086

19. 20

s.82
0.087
18.95

TABLE i1

Analysis
152.02 187 44
Cr,05 Ge,04

0,003 0.00
0.00002 2.00
0.004 0.00
0.003 0.970
0.00¢02 0,00
£.004 0.09
0.00 00.00
0.00 0.02
9. 00 0.00
0,00 00.00
0,00 9.00
9. 20 0.00
0.0C £.00
0.09 c.00
0.0u 0.00
v. 00 00,00
0.00 0.00
0,00 0.00
0.00 90.00
9. 00 0.00
0.00 0.00
0.016 0,02
0,00030 0. 93¢
0.002 .00
0.004 0.00
5.00003 0.00
0,006 0.00
0.00 3.00
0.00 0.00
0.00 0, 00
0.0 0.00
0. 00 0.00
0. 40 0. 00
0. 00 0.00
5. 00 0.090
0,00 0,00
0.02 0.00
0.00 0.00
0. 00 0.00
0.0¢ 0.49
0.ce 0,003
0.00 0.61
0.00 0.40
0.00 0.0062
C.00 0.48
0.0¢ 0.24
0.00 0.001
0.00 0,22
0.00 1.26
0. 00 3,007
0.00 0.1%
0.00 0.44
0.00 0, 002
0.00 0. .
0.00%5 0.52
9.00003 0.033
G.007 0.67
0.004 0 .40
0.00v02 0.002
0.007 .44

Total

100. 00
0,437
100. 00

100.00
0. 480
100, 00

120. 00
0,482
100. 0¢

100, 00
0. 470
100. 0¥

100. 00
G, 45%
100.00

100, 00
0,491
100.v0

100, 00
0.467
100, 00

109. 00
0. 446
100, 00

1€0. Oy
0. 463
100,00

100.00
Q, 455
1v1, 00

100. 00
0 493
300. 00

100. 00
0. 419
100. 00

1¢0, 00
0,462
100, 00

100. 00
0.4062
100, 00

169, 00
0.488
100,00

100. 0¢
0. 448
100. 00

100,00
0.4:3
100, 00

%Pb

18,17

4.58

3.50

2,05

3.42

.37

6,76

2.71

5.29

10.99

.22

-.5%

3.44

5. 68

2.463

Crystal Analyels

AlLO

r s

99, 316
0,979
49, 89

99,893
0.9480
99. 92

99. 803
0.974
99, 86

99, 865
0. 980
99 90

99.890
93.92
99.910
99.83

99. 905
0. 380
99.82

39.912
0. 980
99.9%

95. 770
0.979
99. 24

100. 00
0.981
16%.00

100. 00
0. 981
100. 00

99.892
0.980
99. 82

99. 990
0. 980
9.9

98,38
0.96%
99.07

95,006
0,932
97,18

Cr203

0.184
0, 0012
0.12

0,107
0. 0007
0.07

0.197
€. €013
0.13

0.135
0.0009
0.09

0.110
0.0007
0.07

0. 090
0. 9006
0.06

0.09%
0, 0006
0.06

0,058
0. 0004
0.04

G, 230
0.0015%
0.15

0.00
0.00
0.00

0.00
0.00
0.00

Ge,

0.00
0. 00
0.00

0.00

0.00

4.98
0.027
2.81

1. 59
0.009
0.92

4.30
0.023
2.39

1,50
0. 009
G.92

0.78
0. 004
0.41

0. 8¢
0. 004
0.4t

Total

100, 00
0. 9802
100, 04

1v0. 00
0.4807
99. 99

100, 00
0.9803
99.99

100. 00
0.9809
39.99

100. 00
0.980/
99.93

100. 00
0. 9496
99.99

100. 00
0.9806
99.99

100. 000
0.9804
99.°9

100. 00
0, 9805
99.99

100, 00
0,981
100, 00

100. 00
0.981
100. 00

100.00
0.9807
99.99

100. 00
0.9807
99.79

100, 00
0.974
99.99

i00.00
0,959
100.00

100,00
0.974
99.49

100, 00
0,962
99.99

100. 00
0.9748
99.99

100, 00
0.9768
99.99

100. 00
0.4977
99.99

Flux
Wt loos

Lgms

131.%

22.6

45. 4

8,77

17.07

$7.02

20,77

48,97

79. 67

22.07

94.97

130,07

30.06

31.54

1:.54

4.9

8.3

13. 4

4.87

11,48

18,67

2.8

10. 88

29.94

1.02

7.36

Crystal
Yield

Th
ims

9.56

23,06

4,73

23,74

27.8¢

28.74

37.55%

11.26

28. 8¢

29,95

38,06

19.71

34. 47

33.58

20, 0%

14,21

Act Comp
[ Symbol

0.32

28.9

48.3

28.7

33.0

37.54

5,30

31.0%

3.4

41,95

14.1 A

$6.70 B

41.42 A

25.8 B

2,48 C

32.0 C

25.8

(8]

Remarks

Felled

Incomplste soluticn

Cover opened

incomplete eclution

Programer malfunction

No Cr edded to mell

incemplets eclution

.)zi(:r

O, ¢+ Cr

No Cr




Composition Temp

Soak 5 207,21 245,21 245.21 3
Run M.W. i01.96 152.02 187.44 245,21 Run  Time Calc by diff §

# Units A1203 Cr203 GazO3 PbF, Totals 4 (hrs) Scak Cuench %Pb PbF, PbF,
84 84-8 1 1400 1000 76,18 90,15 91,87 3
1-12 0.375 3

82.78

84-9 1 1400 1200  73.94 87.50 89,65

0.366

78,54

84-10

84-11 1 1400 1350 78.42 92,80 84,64
0.345
69.56

84-12 1 1400 1300  79.43 94.00 85.37
0.348 §
70.73

87 gms 87 1 1400 1000 81.17 96. 06 92.08 %
moles See Table 1t 0.376 }

m% 82.82

- —— R

LR

*




TABLE Il (Continuved)

Flux Analysis Crystal Analysis Fl
245,21 245.2i 101,96 152,02 187. 44 wt
Calc by diff by diff.
PbFz PbF7-. A1203 Cr _")3 (1a203 Total %Pb AIZO3 Cr203 GazO3 Total gms
90.15 91,87 17.75 0.009 0.38 100. 00 5.07 99,780 0.220 0.30 100.00 183.
0.375 0.076 0. 00006 0. 002 0. 453 0.980 0.0015 0.003 0.985
82.78 16.78 0.013 0. 44 0.31 99.95
87.50 89,65 10,06 0.007 0.29 100. 00 2,62 99,135 0.165 0.70 109. 00 14, ¢
0.366 0,100 0.00005 0.00 0. 466 0.973 0.0011 0,004 0.9781
78.54 21,46 0.011 0. 00 100. 01 99.48 0.10 0.41 99.99
92.80 84.64 15,36 0.00 0.00 100. 00 2.90 100,00 0,00 0. 00 100. 00 27.7
0.345 0.151 0.00 0.00 0. 496 0.981 0.00 0.00 0.981
69.56 30,44 0. 00 0.00 100.01 100.00 2,00 0.00 100.00
94, 00 85.37 14.63 0.00 0.00 100. 00 2.58 100,00 0.00 0.00 100.00 59,
0.348 0, 144 0. 00 0.00 0. 49; 0.981 0.00 0.00 0.9381
70.73 29.27 0. 00 0.00 100. 00 100,00 0.00 0,00 100. 00
96.05 92,08 7.90 0.019 0.C9 100. 00 5.85 99.899 0.101 0.00 100.00 67.2
0.376 0.078 0,00013 0.00 0. 454 0.980 0.0007 0,00 0.9807
82.82 17.18 0.03 0.00 100. 03 99.92 0.08 0.00 190,00

3

=




Crystal Analysis

by diff,
99,80 0,220 0.30 100.00
0.980 0,Go0l5 6.003 0.985
0.31 99.95
99.135 0,165 0.70 100. 00
0.973 0.0011 0.004 0.978}
99.48 0.1i0 0.41 99.99
100.00 0.00 0.00 100,00
0.981 0,09 C. 00 0.981
ifg,00 0,00 0.00 100, 00
100.00 0.00 0.00 100. 00
C.2981 0,00 0.00 0.981
100.00 0.CO 2,00 100, 00
39,899 0.101 0.00 100. 00
0.980 v,0007 0.00 0.9807
39.92 0.08 0.00 100. 00

—— e, +* gy

14. 24

27.75

59.5

67.2

42,78

3.32

6.51

13.95

15.51

Crystal
Yield
Th Act Comp.
gms  gms Sym., Remarks
40.32 25.¢ C
30,46 23.4 C
Not run
7.85 5.4 D
10.97 16.5 D Crystals had small additional
phase attached.
39,11 38.5

g
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method eliminates the problems of saturation of the melt at a given
temperature and solvent evaporation and g.ve consistent results. In
addition, analysis of the crystals permitted calculation of the Cr distribution
coefficient at various temperatures.

As expected, values of A1203 solubility using this technique were
higher than those obtained when a method which did not involve stirring
and cooling was used. Even after long soak periods, there was always the
possibility of non-equilibrium conditions, because of slow solution rates.
In addition, taking samples from the bottom of the crucible when complete
solution did not occur gave poor results because it was impossible to
separate the undissolved A1203 from the dissolved Al303 in the melt,

(see runs No. 61 -- 67.) The curve for solubility of dilute ruby is shown
in Figure 4 from values obtained in Runs, No. 68, 73 and 83.

3. Ruby vs. Sapphire Solubility in PbF,

A comparison of the solubility data for ruby and sapphire shown in
Figure 3 reveals that the addition of only 0. 02 mole percent Cr reduced
the solubility of pure sapphire. This conclusion is confirmed by data
obtained by runs No. 65, 66, and 67, where identical runs with and without
Cr203 were quenched after soaking at a given temperature for 16 hours.

In each case, a reduction of AIZO solubi'ity is detected with Cr present.

3
It will be observed that the solubility curve in Figure 4 is
Page 21
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drawn as & straight line. It can be seen, however, that an extensioun of this
line would indicate only 30. 7 mole percent Al,04 could be dissolved in PbFz
at 1400°C. Since 33 m percent is easily dissolved at 14000C, a sharp upward
curve probably takes place above 1350°C as indicatzd bty ihe dotted line of
Figure 4. In fact, if the lower points are joined in Figure 4, an upward
curve is indicated above 1300°C. This would tend to confirm the belief

that the initial crystallization of ruby is very rapid, even if no gross super-
saturation occurs, with many thin plates crystall” 'ing out over a very
narrow temperature range. It is necessary, therefore, to cool very

slowly in the 1400 - 1350°C range with very few temperature fluctuations,

in order to prevent multiple nucleation from occurring in this temperature
range. A large temperature gradient also helps to narrow the zone :in

which nucleation can occur, thus further reducing the amount of material
which must crystallize at a given time.

4. Effect of Oxygen

There was some indication that oxygen pumped into the furnace
increased the solubility of Al,03, (Runs No. 83-5, 83-6, 83-8, and 83-9).
Ale3 solubility with and without Oz was measured. In every case there
was no detectable difference in solubility, see Figure 4.

5. Effect of Ga

The effect of Ga on sapphire and ruoy solubility wac determined in

runs No. 84 (1-9). Compositions were made up in which 0.46 and 1.82 m
Page 23
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percent Ga was added to a crucible containing Al03 + PbF but no Cr203; and

one in which both Cr,0; and Ga,O3 were added. Solubility was reduced with

increasing Ga concentration and the combination of both Ga and Cr further

reduced the solubility of pure Al;03. See Figure 5.

s

o. Distribution Coefficient

The apparent distribution coefficient of Cr in Al203 crystals was
measured by analyzing the total crystalline yield at each quench temperature
from run No. 73. The sample from 73-1 which was quenched at 1350°C was
quite small but3he others offered sufficient samples for analysis. The results
are shown in Table IV. It should be kept in mind that since the total yield at
each yquench temperature was sampled and analyzed, and sinc: very little yield
occurs at 1350°C, the actual distribution coefficient is8 much higher than is
indicated by these figures. That is, the large yield of crystals at lower
temperatures contains Ccr3t deposited over the entire temperature range.
These results confirm our visual observation of a concentration gradient
in all flux grown ruby such that the Cr3* concentration decreases with
temperature, see Figure 6a.

In the case of Ga, analysis of crystals from Run No. 84 indicates
that no Ga concentration gradient exists. The two values for K at 1350 and
1000°C (Table IV} are open to question. The sample at 1350°C was quite small
and since the percent Ga was such a small percentage the accuracy of the
. 1lysis is not good. At 1000°C two values for percent Ga were reported

by the analyst, 6.94 and 0.38%. The wide divergence in these values

would indicate some problem with sampling. There was insufficient time
to repeat this analysis. The remaining three values all at K = 3. 34 for

6 samples quenched at 1100°C and 1200°C would indicate that no gradient
exists for Ga in Al20;. (See Figure 6b.)
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Solubility of Al,0; with Ga and Cr Added
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R1l-454
TABLE IV
m % Cr/Al1203 in melt m % Ga/Al203, Cr203

Temperature Keri™m % Cr i;rcrysta.l KGa: "m % Ga in _crysta.l R
1350°C 0.408 1. 48
13110C 0.419 ———-
1240°C 0.778 ——-—
1200°C SRR 3,35
1190°C 0. 605 ---
1150°C 0.908 3.34
1100°C 0. 845 2,34
1000°C 0.972 4. 49

Note 2lso that in runs 84 (1 - 4), in which Ga but no Cr was added to A1203,
samples quenched at 1270°C and 1000°C for one concentration of Ga, and
980°C and 1200°C for another, showed o sigrificant change in percent Ga
in the crystal samples analyzed.
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Distribution Coefficient of Cr in Al,0,
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C. Measurements

1. Linewidth

Linewidth measuremernts were rnade on samples at the Litton
Tube Division.

The crystals to be measured were immersed in liquid nitrogen
in a quartz dewar. This equipment was placed in a box which permitted
filtering of the exciting light as well as the fluorescent emission. A Dow
Corning No. 4-76 filter was used for the incident bearm and a No. 2-58 for
the fluorescent beam. The exciting light was a high pressure mercury arc
focused by an elliptical mirror. The sensing device was a Dumont K-2190(520)
photomultiplier. The light from the mercury arc was focused on the slit of
the spectrograph. Both the entrance and exit slits were ¢0 microns wide.
The linear reciprocal dispersion of the spectrograph was 5 A per mm. The
output of the phototube was amplified by a; Vacuum Electrcnics Electrometer
and the chart recordings were made on a Varian Chart Recorder.

Samples measured were numbers 26-1 and 26-2 (see Table II).
These crystals were grown from a melt containing 0.27 and 1.34 m percent
Ga respectively. Sample No. 13 contained no Ga and was used for compar -
ative purposes. Table V is a summary of results, and Figure 7 is a curve
of percent Ga vs. A A . The room temperature spectra of these samples
compared to a Meller crystal are shown in Figure €. The scale in the
figure is 4.8 A/ mm. The spectra were taken at room temperature with
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TABLE V

Wavelength Linewidth

1 Sample No. Description of Sample (A) (cm'l)
i
31 1/8" diameter ruby rod 6920 4.7
1 6934 5.4
3
Meller 60° Flame fusion ruby 6920 0. 62
3 orientation 6934 1.0
26-1 l m percent Ga in ruby 6920 6.5
3 6934 (.2
26-2 3 m percent Ga in ruby 6920 24.0
6934 18.1
7 Ruby plates heavily 6920 6.0
! doped 6934 8.0
3 .
13 Ruby plates 6920 1.5
i 6934 1. 8
28-1 1l m percent Ga in ruby €920 6.0
! 6934 7.6
28-2 3 m percent Ga in rvby 6920 23.1
i 6934 16.1
31 Ruby plates 6920 3.5
! 6934 4.1
_ 33 3 m percent Ga in 6920 .5
% ruby, very low Cr 6934 .1
%

content.
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Figure 7
Percent Ga vs. AA
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cobalt used as a standard. The samples were too heavily doped with chromium
(~0.2 mole percent) and satellite lines are present. Measurements on other
samples contairing excessive chromium but no gallium have established that
Proadening observed in these samples is the result either of the high chromium
content or concentration gradient. There is evidence that an optimum concen-
tration of gallium as well as chromium exists and that for Ga it lies somewhere
between ! and 3 m percent. In the sample containing the higher gallium concen-
tration, additional satellite lines show up suggesting the existence of pair states.
The higher concentrations of Ga apparently no longer create a statistical distri-
bution of crystalline fields around the Cr3+ ions; instead, discrete entities are
set up having the same fields, which partly return the spectrum to the sharp
line type, only much more complicated.

Some line broadening was present, however, in samples in which no Ga
was added. Table VI shows data on additional linewidth measurements made.
Ruby sample No. 70, which was of exceptionally high optical quality, had a
iinewidth about twice that of flame fusion ruby.

It was felt at first that the broadening was due only to the high Cr content
an " to the Cr conceatration gradient. However, even when crystals with very
low Cr concentrations were measured, or when very thin plates were used, a
figure of about 2 cm-l was obtained. It was nbviovs thut with the very low
strain present in these crystals, the cause of the residual broadening must be
an impurit', We made a compariron of the flame fusion crystal with our flux
grown crysta!: for trace impurities using spectrochemical analysis.
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No.

No.

No.

No.

70 Thin

Edge
Face

70 Thick

Edge
Face

. 71 Thin

Edge
Face

. +1 Thick

73 - 122

Edge

. 31 Rectangular

rRed

56
Face
End

. 60

End
Face

Flame Fusion

TABLE VI
Linewidtn (cm-l)

6934 (R)) 6920 (R,)
1.90 .15
1.90 1.75
2.54 2.26
2.20 2.20
2.20 1.90
2.10 1.96
2.10 2.0
3.49 2,82
4. 1-5.75 3.9-5,15
4,74 4,32
6.18 5.24
4, 74 4,0
3.19 2.88
1.06 .87
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.4 mm Thick

2.1 mm Thick

.4 mm Thick

Pyramidal all faces
had abou’ the same
linewidth.

Gradient across
face.
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The impurities found in samples No, 70 and 71 that were not present in the
flame fusion crystals were approximately 0, 001 percent iron and galli'un. It is
unlikely that these impurities are the cause of the broadening. It was decided
that fluoride substitution for oxygen could be the cause of the broad linewidth.
Fluoride substitution would lead to cation vacancies which would distort the
crystalline field surrounding the Cr3* ions.

In order to test this theory, two very carefully chosen pieces of ruby were
polished and examined under 60 X magnification for any traces of included flux.
None could be found, These samples, when analyzed spectroscopically, ravealed
103 ppm fluorine'while lead was ''not detectable, less than 30 ppm''. This finding

tends to confirm our theory of fluoride substitution.

2. Fluorescent Lifetime

Measurements of fluorescent lifetime were mad= at the Litton Tube
Division by Mr. Michael Story. These measurements are important because an
increase in linewidth should be accompanied by some decrease in lifetime,
Measurements have indicated that in the 1 m percent sample only a small decrease
in lifetime has occurred. At room temperature, a Meller ruby had a lifetime of
2.6 m sec. whiie the 1 m percent Ga sample had a lifetime of 2.2 m sec. and the
3 m percent sample had a lifetime of 1.6 m sec. Figure 9 shows a diagram of
the apparatus used. The mercury arc was a Pek Labs, 109 high pressure mercury
arc. The shutter was a rotating disk. The entrance slit, mirror, grating, and
exit slit are all part of the Jarrell Ash 3, 4 meter spectrograph. The photomnulti-
plier was a red sensitive Dumont phototube and the oscilloscope was a Tektronic
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model 541A.

3. Laser Threshold

A plate from run No. 3l was cut into a rod about 0.1 x 0.1 x 1. 4 inches.
This cut rod revealed the rather sharp gradient which developed as the plate
thickened. The rod was ground to a cylinder, polished and silvered. See

figure 10. It was pumped with a G. E. Ft 524 lamp. After several a‘temr'‘s

at lower levels, it lased at 2000 joules at 200°K. Another rod measuriuy

1. 172 inches long x 0. 213 inches in diametex, see Figure ll, was successfully

lased in a 3 inch long laser head at 1200 joules at 200°K. The rod had several
small flux inclusions which were not noticed until after it had been cut and
polished. A concentration gradient was obvious when viewed on end. Further-

more, there is a defect visible in the photograph which resembles lineage.

D. Crystal Quality

The plates and rods produced in run number 31 were examined uncder

crossed polaroids. Figure 12 compares the strain patterns of a plate of

flux grown ruby with z plate of flame fusion ruby cut from an annealed, low
strain flame fusion grown disc boule, viewed between crossed polaroids. There

is a remarkable difference in the level of strain, the ruby plate being almost

strain free. Figure 13 shows a rod of ruby under magnification viewed parallel

to the plane of ihe plate from which it was cut. It can be seen that there is a

complete absence of dopant irregularities. Note also that the concentraticn

gradient does not appear to te uniform across the crystal, but is small ac.oss
twc-thirds, of the crystal and becomes sharp only .cross the last one-third.
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Figure 10 - Ruby Laser Rod
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Figure i2
Strain Pattern in Flame Fusion and Flux Grown Ruby




Figure 13
Ruby Rod Magnified
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Crystals were cut and polished and then were observed under 350 times
magnification for ilaws and inclusions. In the thick plates grown under high
gradients, no observable defects could be found. Small filaments were sometimes
detected in polished plates.

Ruby crystal of high optical quality should not scatter a beam of light passing
through it, When tested in our light scatter apparatus values only slighter higher
than background could be aetected.

Six samples of ruby, two of which were grown from flux at Airtron, the others
flame fusion crystals, were examined at NRL. (5) The four types of tests performed
were based on optic axis figure, shadow graphs, crossed polarizers and small angle
scattering.

The optic axis figure measured the uniformity of direction of the optic axis.

In this respect the Airtron ruby was rated ''very good''.

Evidence of abrupt discontinuities in chromium content called banding because
of sharp circular bands of color was present in all flame fusion ruby samples but
totally absent in flux grown samples. Gradations of color were present in all samples
tested. However, flux crystals grown without ccoling in run #86 showed no color
gradations when examined microscopically. Sce Figure l4.

R. L. Barns, of the Bell Telephoae Laboratories, Murray Hill, New Jersey,
and W, J. Spencer of the Bell Telephone Laaboratories, Allentown, Pennsylvania,
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Figure 14

Ruby Crystal Grown on a Seed from Flux
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have examined two ruby plates grown under this program by the J. J. Lange
technique. They have found that large regions appeer to be dislocation free.

E. Analyses

A method of chemical analysis of Cr and Ga by x-ray f!* »rescence was

perfected. The precision was quite good, but there was no way of knowing
the acrcuracy, except by cornparison with wet chemical analytical results,
since no standards were available. Synthetic powder samples were made up.
It appears that there is considerable divergence in Ga concentration in the ruby
crystals reported by wet analysis and x-ray fluorescence. However, crystal
quality of some of the sample was quite poor and part of the divergence can
be blamed on poor sampling. The technique of x-ray fluorescence analysis is,
of :ourse, desiiable for Ga and Cr detection, if it can be made as accurate
as presently used wet analytical techniques. As soon as reliable standards

are available, this should be the most conveaient and reliable method.

*We thank R. L. Barns for communicating these results prior to

publication.
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F. Equipment

l. Temperature Measurements and Control

a. Ten Irlcil} I. D. Furnace

The furnace was an American Electric Company, model
HTV-1023, modified by Research and Development Products Cc. This
furnace was heated by eight SiC heating elements wired as four parallel
pairs across the two phase 208 volt secondary of a tap transformer. This
furnace had scme insulation changes from standard to improve the shell
temperatnre. The standard insulation of these vertical tube furnaces
called for two 4 1/2 inch courses nf firebrick insulation. The inner or
hotter of these was a 2600°F, 1425°C, firebrick. The outer of the two
was a 2300°F, 1260°C, firebrick. The insulation was changed to two
31/2 inch courses plus an additional 2 inch course of high C insulation.
Aluminum foil was placed around the outside of the high Q insulation which

was the 2 inch course. These changes reduced the furnace shell temperature
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to 70°C ut the 1400°C operating temperature. In addition, these insulation
changes should improve the operating efficiency of these furnaces.

The furnace had a ten inch inside diameter alumina core. The alumina
cores for the furnaces were made of two different materials, Norton RA-98
and RA-139, We are presently using alumina cores manufactured by R & D
Products Co. The crucible was a platinum can with straight sides and a
garbage can type cover. This crucible held about 100 pounds of flux
when fully loaded. This mass of material required the design of special
equipment to handle the material and pour flux from the crystals.

Furnace life had always been a problem in molten salt crystal growth
work. Furnace failures took place in several ways.

l. The furnace core was attacked by the vapor from the fluxes,
especially fluoride vapors.

2. Furnace insulation was attacked by the same fluoride flux vapors.

3. Furnace insulation deteriorated through overheating.

4. The plugs and pedestals vrere attacked by either molten lead salts
or vapors of these le&d salts.

b. Loading, Unloading and Pouring Equipment

In ..:e use of the large 10 inch furnace, it was necessary to handle
large masses of material. This was done while the pedestal was at 1300°C
during loading, or the loaded crucible was a* 1000°C, before pouring. The total
mass of crucible plus charge weighed about 100 pounds.
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This mass was impossible to ''ndle by ordinary techniques. For
this reason, a device was designed and built especially to do this job.
This device had to be strong enough to support the weight and pour molten
flux. It also had to be moved to a precise position with respect to the
furnace pedestal. Its manipulation had to be simple. The loading or
unloading of the furnace had to be accomplished in about 30 to 45 seconds
after the pedestal had been lowered to its lowest position.

A new device was designed to do this job because nothing was
available which would meet these requirements.

A clamshell type of holder was decided upon as the only convenient
method of grasping the hot platinum crucible when approached from the front.
The steel halves of the shell were lined with "Fiberfrax' insulation. The size was
such that it held with a slight pressure the eight inch crucible; that is,
about one-sixteenth of an inch less than eight inches i.d..

the opening of the halves was controlled by a lever attached to a nut
on an Acme threaded rod. After one or two tries, this can be manipulated
in 5 to 10 seconds to pick up the crucible or place it on the pedestal.

The device was designed to operate on angle iron tracks attached
to channels ir the floor.

Pouring took place by rotating a handle. Molten material was
poured intc a sand bath.

The device was manufactured by R & D Products Co. [t was made
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of several pieces of pipe with extensions, tees, clamps, and heavy gauge
material. This device appeared to work as expected. A photograph is shown
in Figure 15.
The sequence of operations involved in unloading and pouring is
shown in Figures 16 and 17. Figure 16 shows the pourer in position
immediately after lowering the pedestal. Figure 17 shows the molten
lead fluoride (PbF;) pouring into a platinum container in a sand bath.
Some of the problems encountered were:
l. Elevator drive.
2. Stirrer drive.
3. Pedestal design.
4., Thermocouple contact.
Possible methods considered for the elevator drive were an electric motor
with a mechanical drive or a hydraulic pump. Space ruled out the hydraulic
pump. The elevator drive (see figure 18) was by a 1/6 h. p. electric motor. A

chain drive was used and four Acme thrcaded screws supported the tabie. A

chain drive was selected because four screws must be driven together. The Acme

lead screws were driven by rotating through bronze nuts attached to the steel
Page 48
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Figure 15
American Electric Furnace

Page 40




TN 42 TIINENES 2 TR 4 2 EEEREER 42 TR 40O VR S O Waamlm O wrrtre

9D3BU. g BUIABIT 9[qIDNID IGH - 97 2andy g 1

Page 50
Airtron, a division ol Litton Industries

. —— B WO 7L o




Page 51
Alirtron, a division of Litton Industries

¥Figure 17 - Pouring of PbF, Flux
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Figure 18 - Elevator Rotation Assembly
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table. Another important problem was where to place the drive motor.
The possibilities were floor level, attached to the elevator table or at the
top of the lead screws. Space demanded that the latter be chosen. The
taotor was mounted near the bottom of the furnace with the chain runaing
arou~d the outside with idler gears placed to keep the chain clear of the
heating elements and under tension.

The elevator motors must, of course, be reversible. This
could have been accomplished by interchanging two phases of a three phase
motor or reversing a ci pacitor for a single phase motor. The three phase
motor was preferable because it gave a positive reversal. It was possible
using the single phase motor to reverse the swiich without reversing the
motor., It was necessary for rotation to stop completely before the single
phase motor with two field windings could be reversed.

The stirrer drive problems included rotation of a load of more
than 200 pounds. This was simplified by placing a turntable on a ball
bearing raceway. This minimized friction losses. The necessary centering
(the rotation must be about ar: extension of the furnace core axis) was
accomplished by placing a drive shaft for the turntable in a bronze bearing
on the elevator table. A chain drive was selected for space considerations.
Reversal of rotation direction was necessary or the rotating crucible would
quickly attain a state of mobile equilibrium. This would reduce stirring
actior. corsiderably. Motor reversal took place 1n a similar manner to
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that for the elevatcor drive. There was one major difference. Using the
stirrer required automation of this ¢perationr. This was done by using a
synchronous motor to drive @ cam which operated microswitches to
drive the stirrer in one direction for 25 seconds, stop for 5 seconds,
drive in the reverse direction ior 25 seconds and stop for 5 seconds.
These were for a one minute cycie. The microswitches functioned as a
double pole-double throw switch with an off position. This either
irterchanged a capacitor between two pairs of field windings or
interchanged two phases of a three phase motor.

Pedestals and top plugs had to be designed with load supporrt,
rotation, temperature measurement and crucible position in a furnace
in mind.

Rota‘ion required that the pedestal be perpendicular to the
turntable, have true sides and top surfaces and move conceatric with the
furnace.

T :mperaturc measuremer.t was simple in the top plugs with
thermocouple wells. These plugs were not rotated. The problem was
counsiderably more difficult when rotation of a pedestal took place.

It could be done, but only by using moving contacts. A set of slip rings

with a lava insulator v..s used. This made several additional junctions

secause the thermocouple had to be attachee i« the slip rings. Contac:

was made to the slip rings and the contac.s attached to the measuring
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circuit. Each of these contacts was potentially an uncompensated junction.
The thermocouple (Pt vs. Pt 13 percen! Rh) was soldered to the slip rin-.
Thermocouple lead wire was attached to the brushes.

The temperature was found to agree with an adjacent thermocouple
within 5 degrees, the readability of the recorder, even though potentia:
errors were present. This could be explained by the fact that the temperature
was low (25°C or less) and the contacts created pairs of similar opposing
junctions.

The plugs and pedestals were poured of a castable refractory
(Norton 33HD) with a thermocouple well (high temperature alumina)
in place. The molds used were finished to a close tolerance (out of
round undetectable with a surface gauge). A steel plate with anchor
pins was attached to the pedestal during casting. The steel plate was used
with adjustable pins tc position the pede "“al or the turntable.

The length of the pedestal had to be tailored to the furnace.

It dictated position of the crucible in the furnace. Pedestal length ideally
had to be great enough to allow the crucible to be placed at any position in the
furnace hot zone. 1t also nhad to be short enough to allow handiing of the
crucible for loading and unloading the furnace. These two requirements
could be mutually exclusive. The sizes selected to optimize these as well
as possible was 33 inches and 28 inches high.
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In early crystal growth runs in the ten inch furnace, there had
been considerable nucleation on the wails of the crucible. The problemn
appeared to be cool walls of the platinum crucible.

The indications were that the furnace core was cooled abnormally.
This probably was caused by a chimney effect. A draft of cold air went up
through the annular space around the pedestal. As the furnace ccoled, this
cool air would cool the furnace walls and the crucible walls would be cooled
by radiation or directly by the cold drafts blowing on the crucible walls.
Tnis prob’em was solved hy an additionai improvement which permitted the
rotation and/or lowering of the pedestal to ta e place without cooling drafts
to enter the furnace by the addition of flexible collar which was attached to the
elevator and the underside of the furnace. See figure 19. When the pedestal
was removed from the furnace rapidly to load or unload a charge, the
collar was disconnected. The pedestal was free to rotate within the collar
and could be slowly raised and lowered without disconnecting the collar. The
collar was fitted with a nozzle to permit introduction of oxygen. This modification
reduced nucleation on the walls of the platinum can which was caused by cold
drafts entering around the periphery of the pedestal.

d. Temperature Controller

The temperature controller for the ten inch furnace is a unit
designed and manufactured by Minneapolis-Honeywell. The control system
consists of a Beck Controller, A Honeywell Temperature Set Point Unit.
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Figure 19
Elevator and Collar Assembly
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Deviation Amplifier, Deviation Recorder, Eiectr-O-Volt 3 mode controller
and a Magnetic Amplifier. In this equipment, the temperature set point
unit selects a millivolt potential which is compared with the thermocouple
output. The two signals, potentiometer and thermocouple, feed the two
channels of a deviation amplifier. This unit puts out a signal proportional
to the millivolt difference from zero or temperature difierence from set
point. The set point unit selects the potential by adjusting a ten turn
potentiometer. This potentiometer has 537, 9 turns per turn or a total

of 5379 turns from end to end. Since the scale span is 1600°, the limit
of resolution of this potentiometer is 0.3°C., This is also the limit of
resolution of the equipment., The Deviation Amplifier takes the thermo-
couple signal and the Set Point signal and retaining the algebraic sign,
amplifies the d¥fference and sends an output signal to the Electr-O-Volt.
The signal and its magnitude, length of time off, set point, and rate of
approach to the set point all effect the output of this controlier. The
output signal of the controller goes to the magnetic amplifier which,

in turn, controls the degree of saturation of the Saturable Core Reactor.
The reactor controls the power input to the furnace.

This control unit operates on a three mode basis. The modes

are: Proportional Band (a function of distance from Set Point); Rate

{a function of rate of approach to the Set Point); and Reset (a function

of the time the temperature has been off set point).

Page 58

Airtron. a division of Litton Industries

o ptdm—— mp———— — S T — .
‘ = Ty - m—




R11-454

Experimental (Cont, )

The Beck Program Controller operates a soak from zero
to sixty wours. At the end of the soak, a temperature program is
initiated. The rate of cooling is controllable from 0.4 to 10 degrees
per hour (+ 0.1°9C). The cooling rate is controlled by a synchronous
motor drive on the ten turn potentiometer.

2. Crucible Attack

During the early part of this ¢ontract, crucible failure became
very pronounced. In some instances, a brand new crucible failed within
hours after having been placed in the furnace with a charge. Since each
failure not only meant purchase of a new crucible, but often resulted in
a spillage of PbF, on the pedestal, plug, muffle and elements requiring
replacement of these components as well, the solution of this problem
was of paramount importance. A total of six failures directly attributable
to the platinum crucible were experienced. After one failure, damage
to the furnace was so extensive that even brick insilation had to be replaced.

Failures were usually of three types:

1. Extensive corrosion at the base of the platinum can.

2. Cracks, usually along the periphery of the base.

3. Extensive seepage of Al;03 throuagh pin holes in the base and

walls.
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Several experiments were tried to attempt to find the reasou or cure
for the attack. Siuce this attack seemed to occur only in the large 8 iuch cans,
a number of runs were made using the 250 ml crucible with premelting, with and
without Cr. In each case crucibles in which premelting took place showed evidence
of corrosion, brittleness and A1203 seepage througn the walls. Two innovations,
a heavier bottom (0. 050 inches in place of 0. 030 inches) and a platinum liner
accomplished little. While corrosion was reduced, seepage remained about
the same and embrittlement actually increased. The problem was solved by
the use of an oxygen flow into the furnace whenever the crucible was hot. This
served to produce an oxygen rich atmosphere and complétely stopped the Pt
corrosion.

Most of the equipment which was designed for the large molten salt

systems performed satisfactorily. Problems which arose and solutions used

are summarized below:

iR

Problem Solution
3 l. Hollow SiC elements l. Purchased various kinds of
Z showed very much shorter silicon carbide heating elements
lifetime than had been from several manufacturers for
expected. test purposes.
2. Pt crucibles continue to be 2. When a slow stream of oxygen was
subject io chemical attack. pumped into the fu:nace during the

entire run including the premelting
operation, no attack on the Pt

crucible could be detected. After

6 months of operation, the Pt can is

as good as new. This problem is
completely solved by the use of oxygen.

o
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Problem solution
3. Cracking of pedestal and plugs. 3. Round all corners to reduce rapid
Expansion of pedestal at top heat loss. Reduce diameter of
causing it to bind in furnace. top portion of pedestal.

The primary requirement for good crystal growth is good temperature
control. Inadequat. temperature control is usually responsible for the small,
badly formed, flux included crystals that make up the bulk of the yield of most
molten salt crystal growth attempts. The primary function of the crystal
growth equipment then is to provide good temperature control. It can be
expected that as one problem of temperature control is solved, a second,
which was perhaps masked by the first, will become apparent.

The first major problem encountered during this period was the
inability of the Honeywell temperature control sysitem to function properly.
This equipment is rather cocmplex and although it is capable of excellent
control when it i:s functioning properly, any number of things can cause trouble
before this condition is achieved. The two major aberrations which caused
trouble did not occur continually, but were intermittent making detection and
rorrection especially difficult. The trouble was finally found to be a defective
potentiometer in one case and a bad voltage regulator tube in the other. When
these parts were replaced with new ones, the equipment worked well, and there
has been no recurrence of this problem.

The next major problem was rapid and uneven aging of the SiC heating
elements. The operating conditions are quite severe for these elements.
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First, the present soak temperature of 1400°C at the pedestal requires a set
point as high as 1500°C. Sezond, these temperatures must be maintained for
long pericds of time. At 0.5°C per hour ccoling rate, twenty days are required
to lower the temperature 240°C. Third, all holes must be tightly s*nffed to pre-
vent drafts which means that the elements must function in essentially a PbF,
atmosphere,

It is important that the elements age as little as possible and that they all
age uniformly. This uniform aging is necessary because should one clement
increase in resistance more rapidly than another, or should one part of an
element increase in resistance more rapidly than ~nother, hot spots are created
which adversely affect the crystal growth.

This problem was attacked in the following way: First, the series parallel

network which locks like this:
R} R,

—AA AN~

LA ANN—

R, R,

was modified to look like this:

©
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This modification permits more even aging of the elements and facilitates
the location of a bad element.

The ideal circuit would be one in which all of the elements cperate on one
circuit and all of the elements are in paralle!. Each element would then tend
to reach the same resistance and then age at the same rate.

With our present equipment, this can be achieved by substituting a
3 phase rectifier for the ''3 phase to 2 phase'' transformer plus a few
wiring modifications. The difference in the voltage current relationship
should be within the range of the reactor, the magnetic amplifier and the
controller,

The next step was to order a number of different types of elements.
These included high density "Globar'' elements, solid '"Hot Rods'', and two
types of spiral elements. None of these elements gave satistactory performance
except the spiral elements, These elements, manufactured by Morganite Inc. are
very closely matched. They are one piece, hollow, high density recrystallized SiC,
in which a spiral groove is cut. They are recommended by the manufacturer
for operation at 1450°C - 1700°C shere critical temperature uniformity and
severe operating conditions are encountered.

The third modification was to rotate the crucible slowly after the
soak pericd has ended. It will be recalled that during the soak period
the pedestal is rotated for 55 seconds at 30 r.p.m. in one direction; at
the end of which time it gtops for 5 seconds; rctates in the opposite
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direction for 55 seconds; stops for 5 seconds, and the. begins the cycle
over again.

The reversing and pausing are achieved through two clock driven
cams; one of which controls the time '"on' and '"off'", the other controls
the direction of rotation.

The rotational torque is supplied by a 3 phase ''‘gear motor'" with a
20:1 gear reduction to produce a 90 r.p.m. source of torque. At this
point, an electromagnetic clutch is introduced. With a constant current
flowing through its field, this device limits the maximum amount of
torque that can be transmitted thrcugh it. The field current is adjusted
sc that no sudden start is made during the reversing operations. From
the clutch, a chain drive, whose ratic is 3:1, transmits the torque to the
pedestal which will now rotate at 30 r.p. m.

During tne period of time that the furnace is cooling down and
crystallization is taking place, it was thought that if the crucible could
be rotated at a very slow speed, perhaps the effect on the crucible of one
side of the furnace being cooler than the other could be eliminated.

To do this, a solenoid actuated dog clutch was used to mechanically
connect the 90 r. p. m. output shaft of a second '"gear motor™ in tandem
with the first .notor which drives the pedestal continuously for the
remaining portion of th= runat 1.5 r. p. m.
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An additional modification which has been introduced in the 10 inchk
furnace is the use of an impervious muffle, The previous muffle used

was a highly porous Al>(Q), body whose thermal shock resistance was not

3
good. The porosity permitted a ready path for the Pb}?2 vapors to attack
the heating elem s and the large cracks which soon deveioped permitted the
radiation from the elements to fall directly on the crucible. The new m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>